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Monolithic Multi-Slice Synchronous Buck Converter
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ABSTRACT

A novel monolithic step-down dc-dc buck converter is proposed that uses two or more parallel
slices to achieve a high output current with a smaller filter capacitor. The # slices are operated
with a phase difference of 360°/n. Each of the converter slices is based on a synchronous rectifier
topology to avoid the excessive power losses introduced by the diode component of conventional
step-down buck converters. Hysteretic control is used to provide both pulse-width modulation
and pulse-frequency modulation of the internal gate-drive waveform without the need to provide
a dedicated clock signal or oscillator circuit. The hysteretic control is further refined using digital

control techniques to enforce a brief dead time between the activation of each slice such that
undesirable circulating currents are prevented. A significant advantage of the proposed multi-
slice step-down dc-dc buck converter and its associated control is that the semiconductor
switches, filter inductors and capacitor, and the control circuit are fabricated as part of a single
monolithic integrated circuit.

FIELD OF THE INVENTION

The field of the invention is related to dc-dc converters and more particularly to voltage
step-down dc-dc converters.

BACKGROUND OF THE INVENTION

The diversity of VLSI chips often results that a chip utilize a supply voltage that is not
available within its target platform. Therefore, a voltage converter is required to translate an
available voltage into one suitable for the VLSI chip. Often this involves a voltage step-down or
buck operation. Since many of these platforms require high efficiency, compact dimensions,
rapid response to load conditions, and high power output, several modifications of conventional
switching DC/DC converters are necessary. The most common solution to date is to create n
multiple parallel step-down buck converters (i.e. a multi-slice converter) such that the aggregate
output current is n times higher than with a single converter. Efficiency over 80% can be
achieved with this solution, but the construction of such converters requires a hybrid solution
that combines VLSI control chips, external passive (filtering) components, and external power
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semiconductor switches. Also, the switching frequency is generally low, such that the
responsiveness of the step-down buck converter to load conditions has large granularity.

The significant improvement of the technology of the present patent is the application of
very high-speed control circuitry. Unlike conventional control, which requires a clock signal or
oscillator circuit to generate a reference frequency, the control of the present invention is
oscillator-less and internally generates its own switching impulses. The result is a highly
adaptive and dynamic switching pattern. Conventional control (pulse-width and/or pulse-
frequency modulation) is limited to the tuning of the single reference frequency. The control of
the present invention has no fixed frequency and can very rapidly and accurate adjust both the
frequency and the duty cycle of the pulse. The control of the present invention is further refined
using digital techniques to ensure that a dead time is inserted between the activation of each
successive converter slice. This dead time prevents undesirable circulating currents.

Using the high-speed control of the present invention, all of its components
(semiconductor switches, filter inductors and capacitor, and the control circuit) are fabricated as
part of a single monolithic integrated circuit.

SUMMARY

A novel monolithic step-down dc-dc buck converter is proposed that uses two or more
parallel slices to achieve a high output current with a smaller filter capacitor. The n slices are
operated with a phase difference of 360°/n. Each of the converter slices is based on a
synchronous rectifier topology to avoid the excessive power losses introduced by the diode
component of conventional step-down buck converters. Hysteretic control is used to provide
both pulse-width modulation and pulse-frequency modulation of the internal gate-drive

waveform without the need to provide a dedicated clock signal or oscillator circuit. The
hysteretic control is further refined using digital control techniques to enforce a brief dead time
between the activation of each slice such that undesirable circulating currents are prevented. A
significant advantage of the proposed multi-slice step-down dc-dc buck converter and its
associated control is that the semiconductor switches, filter inductors and capacitor, and the
control circuit are fabricated as part of a single monolithic integrated circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a dc-dc voltage converter in accordance with an embodiment of the
invention;

FIG. 2 is a schematic view of a dc-dc voltage converter in accordance with a second embodiment
of the invention; and
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FIG. 3 is a schematic view of a dc-dc voltage converter in accordance with a third embodiment
of the invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a schematic diagram of a dc-dc step-down voltage converter in accordance with
an embodiment of the invention. The converter would be fabricated as an integral part of a
multifunction chip by use of the existing chip fabrication techniques. The step-down converter is
fabricated using CMOS technology. A well-known fabrication design and a construction
technique referred to as MOSIS is used to fabricate the step-down converter with a 0.5-pm
minimum feature. The synchronous recfitier uses a pMOSFET in the main current path, and an
nMOSFET to divert the inductor current when the pMOSFET is turned off. The resonant gate-
drive for each device operates out-of-phase and accounts for different polarity of the two
switches. This is accomplished by the circuit configuration in FIG. 1. A control circuit, based on
feedback of output voltage determines the switching sequence. Out-of-phase signals are provided
to the two switches.

The step-down converter accomplishes a voltage step-down through the interaction of the
supply voltage, SOURCE, the NMOS switch, and the PMOS switch. One NMOS and one PMOS
are used per slice. The "chopped" output voltage is then filtered using the low-pass filter (LC).
One inductor is used per slice; a single filter capacitor is shared by all slices.

The operation of the multi-slice converter is described in the context of a single slice
next. When the NMOS switch is closed, the voltage of the internal node is at ground potential;
when the PMOS switch is closed, the voltage of the internal node is at the supply voltage
potential. The NMOS and PMOS switches are closed alternately. By adjusting the duty cycle of
the NMOS closing, the average voltage at the internal node can be controlled between O and the
supply voltage. This square wave signal is then filtered to a DC level by the low-pass filter.
Output current (represented by the load resistor R) is then drawn from the output filter capacitor..

By adding parallel slices of identical converters, the total output current is increased.

The control circuit operates in a manner such that the output voltage is continuously
compared to a desired potential. If the output voltage is higher than the nominal (reference)
voltage, then the NMOS switch is activated. If the output voltage is lower than the nominal

-(reference) voltage, then the PMOS switch is activated. Operation of multiple slices is
interleaved in time such that only one converter slice is active at a time. That is, for n slices, each
slice is operated 360°/n out of phase.

Each slice can be integrated monolithically by choosing a sufficiently high switching
frequency to ensure low values of passive components. A typical switching frequency of 100
MHz will result in inductor values less than 100 nH and capacitance around 1 nF. Such values
can be provided on-chip. However, presently available on-chip inductors have poor quality

4
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factor, restricted less than 15. Using such practical components, efficiency improvement up to
10% is expected from the use of this topology over the conventional multi-slice synchronous
rectifier.

A specific embodiment of a method and apparatus of dc voltage conversion according to
the present invention has been described for the purpose of illustrating the manner in which the
invention is made and used. It should be understood that the implementation of other variations
and modifications of the invention is not limited by the specific embodiments described.
Therefore it is contemplated to cover the present invention any and all modifications, variations,
or equivalents that fall within the true spirit and scope of the basic underlying principles
disclosed and claimed herein.

CLAIMS
We claim:

1. A dc-dc voltage converter comprising:

a series synchronous rectifier connection of two main switches that operate as a voltage step-
down device,

an inductor connected to the common point of the series switch configuration, which provides an
output of the dc-dc voltage converter;

a step-down switch configuration operating at a load-dependent switching frequency,

an oscillator-less control circuit that monitors the output voltage of the voltage step-down device
and triggers the switches each time the output of the dc-dc converter falls below a threshold
voltage to produce a dynamic pulse-width and pulse-frequency modulation,

a capacitor connected between the output of the inductor and ground potential to provide filtering

of the output voltage waveform.

2. The dc-dc converter as in claim 1 further wherein multiple () slices are connected in parallel
to provide a higher output current.
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3. The dc-dc converter as in claim 1 further wherein the voltage step-down device further
comprises a power supply connected in series with the synchronous rectifier configuration.

4. The dc-dc converter as in claim 1 further comprising a capacitor coupled across an output of
the dc-dc step-down converter.

5. The dc-dc converter as in claim 1 wherein both the switches comprising the synchronous
rectifier are implemented using MOSFET devices.

6. The dc-dc converter as in claim 1 further comprising a feedback and startup circuit, the output
of which controls the switching of the synchronous rectifier switches.

7. The dc-dc converter as in claim 6, with the control signal for the two main switches being out
of phase with each other.

8. The dc-dc converter as in claim 7, with the control signal for each of the n slices being 360°/n
phase-shifted.

9. The dc-dc converter as in claim 7, with the control signal to the synchronous switch being
generated by the use of an inverter.

10. The dc-dc converter as in claim 8, wherein the voltage regulator further comprises an LC
filter providing the regulated output voltage at the output of the LC filter.
11. A monolithic multi-slice step-down dc-dc converter for improved performance comprising:

a series switch with the first end of the switch connected in series with a positive side of a power
supply, the power supply also having a negative side,

another series switch with the first end of the switch connected in series with the first switch, the
second end being connected to the negative side of the power supply,
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an inductor, with the first end of the inductor connected to the common connection point of the
two switches,

a capacitor with a first end of the capacitor connected between a second end of the inductor and

the negative side of the power supply and the voltage across the capacitor defining an output of
the monolithic de-dc converter, '

a control feedback and startup circuit receiving an output of the dc-dc converter, and a reference
voltage as input, generating the required switching signals for the step-up switch,

multiple slices of the above switches and synchronous switches, and output filters, such that
multiple identical slices appear in parallel, sharing a single common input voltage terminal and a
single common output voltage terminal,

with the two main switches, one auxiliary switch, control feedback and start-up circuit, filter
inductor, filter capacitor, resonant inductor and resonant capacitor all being fabricated within a
substrate of an integrated circuit forming the monolithic dc-dc voltage step-up converter.
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